Catalytic conversion of biomass to produce higher quality liquid bio-fuels by Adam, Judit
 Judit Adam 
 
 
 
Catalytic conversion of 
biomass to produce higher 
quality liquid bio-fuels 
 
 
 
 
 
 
 
Trondheim, September, 2005 
PhD thesis 
 
 
 
Norwegian University of Science and Technology 
Faculty of Engineering Science and Technology 
Department of Energy and Process Engineering 
 
 
 
  
  
  
 
 I
Preface 
  
"Instead of our drab slogging forth and back to the fishing boats, there's a reason to life!  
We can lift ourselves out of ignorance,  
we can find ourselves as creatures of excellence and intelligence and skill. 
 We can be free! We can learn to fly!" 
(Richard Bach, 'Jonathan Livingston Seagull,' 1970.) 
 
First, I would like to thank my supervisors, Johan E. Hustad (NTNU) and Michael 
Stöcker (SINTEF), their guidance, suggestions and many good advices.  
A great part of my work was done at Institute of Materials and Environmental 
Chemistry, Chemical Research Centre, Hungarian Academy of Sciences. I would like to 
thank Gábor Várhegyi and his research group, Marianne Blazsó, Emma Jakab and 
especially Erika Mészáros, for their excellent cooperation and many advices. This 
cooperation was extremely useful, I have learnt a lot from them.  
The second parts of my experiments were carried out at Chemical Process Engineering 
Research Institute (CPERI), Centre for Research and Technology Hellas (CERTH). I 
would like to thank Eleni Antonakou and Angelos Lappas for making the cooperation 
possible and helping me during my stay in Greece.  
My catalysts were made in Trondheim at Ugelstad Laboratory, Department of Chemical 
Engineering at NTNU, I had access to the lab, thanks to Johan Sjøblom and Gilse Øye. I 
also got a lot of good advices about the catalyst.  
Thanks to Aud Bouzga and Merete H. Nilsen for characterising my catalysts, and 
answering many of my questions. They also made some of the catalysts I used. 
I would like to acknowledge the Norwegian Research Council for the financial support.  
Gunhild and Anita was always available when I had problems, thanks for them to make 
my start in Norway easy and helping me whenever I needed. 
Finally, I would like to thank my family and Fredrik for all their support. 
 
Trondheim, September, 2005 
Judit Adam 
 II
Abstract 
 
The aim of this work has been to improve the characteristics of a liquid bio-fuel, the 
bio-oil, with the help of mesoporous materials. Seven different mesoporous materials 
have been tested; four Al-MCM-41 catalysts (K1-K4), a commercial FCC catalyst (K5) 
and two SBA-15 catalysts (K6-K7). The Al-MCM-41 catalyst group had a Si/Al ratio of 
20 and consisted of an unmodified Al-MCM-41 (K1), two catalysts with enlarged pores 
(K2 and K3) and a transition metal (Cu) modified catalyst (K4). The pore enlargement 
in sample K2 was carried out with a spacer (mesitylene, C9H12), and in sample K3 by 
altering the template chain length from C14 to C18. The SBA-15 catalyst group consisted 
of a pure siliceous SBA-15 (K6) and an SBA-15 catalyst with aluminium incorporation 
(K7). The tests were carried out in three different pyrolysis systems, which were: 
analytical fast pyrolysis-GC/MS, TG/MS, and a fixed bed system. The used biomass 
was spruce, and in order to study the effect of the different biomass feedstocks, some 
experiments in the fixed bed reactor were carried out with miscanthus. 
As a result of the catalytic cracking of the vapours, the amount of water increased 
compared to the non-catalytic experiments with all the catalysts in each of the reactors. 
When spruce was pyrolysed in the presence of unmodified Al-MCM-41 catalyst, the 
yields of furan ring containing compounds increased considerably. The yields of 
phenols, light phenol substitutes, hydrocarbons and PAHs increased, but the yields of 
alcohols, aldehydes, heavy phenol substitutes and heavy compounds decreased. With 
increasing pore diameter the changes show the same trends, but in a smaller degree. 
Metal incorporation into the parent Al-MCM-41 without any pore modifications shows 
similar yields as the catalyst with the largest pores, however, there can be small 
differences in the yields of a few compounds. 
Spruce pyrolysis in the presence of SBA-15 catalyst shows similar yields as the 
uncatalysed experiments in most cases, however, the yields of furan-ring containing 
compounds increased and some other compounds varied slightly. Aluminium 
incorporation into the SBA-15 framework changed the product yields considerably. 
Both the desirable and the undesirable product yields increased. The SBA-15 catalysts 
compared to the MCM-41 catalysts, has lower surface areas, especially the aluminium 
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incorporated SBA-15, and considerably larger mesopores. During spruce pyrolysis in 
the presence of SBA-15 catalysts, compared to the Al-MCM-41 catalysts, the desirable 
product yield increased.  In this case, however, the undesirable product yield increased 
considerably as well. According to the published results, among the studied catalysts, 
the FCC catalyst produced the best-quality bio-oil with the spruce biomass. This 
catalyst is also the cheapest one as it is already available commercially. The Al-MCM-
41 type catalyst does not perform well with spruce, and furthermore, it has a weak 
hydrothermal stability. SBA-15 catalyst with aluminium incorporation can have a 
potential, but the performance and the price at present is not competitive with the FCC 
catalyst. The difference in catalyst performance was much greater than expected when 
the biomass feedstock was altered. With miscanthus, the unmodified Al-MCM-41 
catalyst performed best and the FCC catalyst dis not produce a good quality product. 
The SBA-15 catalyst performance was similar both with miscanthus and spruce. 
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1 Objectives, summary and conclusions 
 
1.1 The aim of the work (PhD study) 
 
The aim of this PhD study was to improve the bio-oil characteristics with the help of 
mesoporous materials. Further development and application tests of mesoporous 
catalysts were the main focus of the work. The tests were carried out with fresh catalysts 
only in order to obtain preliminary information about the products of catalytic 
conversion. Measurements to detect the changes of catalysts’ activity and crystalline 
structure were beyond the scope of this work. 
 
1.2 Materials and methods used 
 
Barkless spruce wood (Picea abies) was milled and sieved and a fraction of a particle 
diameter of >45 µm was used in the microscale experiments and a particle diameter of 
0.5-1.4 mm was used in the fixed bed experiments. The water content of the spruce 
wood was approximately 6 %.  
To study the effect of biomass feedstock on the catalytic upgrading of bio-oil, some 
experiments were performed with miscanthus biomass (Miscanthus sp.) in the fixed bed 
reactor. The miscanthus was milled and sieved. The sample had a particle size of 1.0-1.5 
mm and its moisture content was 6 %. 
 
Seven different mesoporous materials have been tested; four Al-MCM-41 catalysts (K1-
K4), a commercial FCC catalyst (K5) and two SBA-15 catalysts (K6-K7). The Al-
MCM-41 catalyst group had a Si/Al ratio of 20 and consisted of an unmodified Al-
MCM-41 (K1), two catalysts with enlarged pores (K2 and K3) and a transition metal 
(Cu) modified catalyst (K4). The pore enlargement in sample K2 was carried out with a 
spacer (mesitylene, C9H12), and in sample K3 by altering the template chain length from 
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C14 to C18. The SBA-15 catalyst group consisted of a pure siliceous SBA-15 (K6) and 
an SBA-15 catalyst with aluminium incorporation (K7).  
Examples of Al-MCM-41 and SBA-15 preparations are the following: 
 
Al-MCM-41 
Molar composition: 1 Si : 0.06 Al : 0.4 C14 : 68 H2O. 
The surfactant, C14H29(Me)3NBr (tetradecyltrimethylammonium bromide, 15.15 g), 
was dissolved in water (95 g). Sodium-aluminate (0.43 g) was added and the solution 
was stirred overnight. Silica source, sodium-meta-silicate-5-hydrate (8.9 % Na2O + 28 
% SiO2, 19.4 g), H2SO4 (10 %, 5.6 g) and water (15 g) was added, and the solution was 
stirred for 30 minutes. The pH was adjusted to ~10. 
The solution was filled in a teflon-flask, heated at 100°C for 6 days, washed with 
distilled water or centrifuged until pH 5 was obtained. The white product was dried at 
100°C overnight. 
 
SBA-15 
Molar composition: 1 Si : 0.02 EO20PO70EO20 : 5 HCl + water. 
The synthesis was carried out at 40 °C. 
The surfactant (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene 
glycol): EO20PO70EO20) was heated to 50 °C overnight.  
Hydrochloric acid (120.6 g, 2M) was heated to 40 °C. Water (30 g) was added and the 
solution was heated until the temperature was stabilised at 40 °C. The surfactant (4.6 g) 
was added and this mixture was stirred for 5 hours. TEOS (tetraethoxysilan, 9 g) was 
added dropwise, and the clear solution was stirred overnight.  
The homogenous, white solution was transferred to a Teflon flask, which was sealed 
with Teflon tape and heated at 100 °C for 48 hours.  
The white solid was washed with warm distilled water or centrifuged until pH 5 was 
obtained. The white product was dried at 100°C overnight. 
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The main catalyst properties are summarised in Table 1-1. 
 
Table 1-1. The main catalyst properties.  
CATALYST 
NAME 
K1 K2 K3 K4 K5 K6 K7 
Catalyst type MCM-41 MCM-41 MCM-41 MCM-41 FCC SBA-15 SBA-15 
Surface area 
(m2/g) 
917 947 928 816 178.4 817 536 
Total pore 
volume (ml/g) 
1.23 1.43 1.26 1.46 N/A 1.53 1.23 
Mesopore 
diameter (Å) 
24 28 30 24 24.26 
68; 78-
95 
63; 78 
 
As Table 1–1. shows, the surface areas of most of these catalysts were high. The FCC 
(K5) catalyst has a much lower surface area. The total pore volume was similar in all 
cases. The pore enlargement of the Al-MCM-41 was successful, as Table 1–1. indicates 
(K2 and K3), it can also be seen that the SBA-15 catalyst group (K6 and K7) has 
considerable larger pore sizes than the MCM-41 catalysts.  
 
These catalysts were tested in three different reactors, and the results are published, see 
Table 1–2.  
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Table 1-2. The experiment and publication set up. 
 Py-GC/MS TG/MS Fixed bed reactor 
spruce Paper I and II Paper I and II Paper III 
spruce + K1 Paper I and II Paper I and II Paper III 
spruce + K2 Paper I and II Paper I and II Paper III 
spruce + K3 Paper I and II Paper I and II Paper III 
spruce + K4 Paper I and II Paper I and II Paper III 
spruce + K5 Paper IV Paper IV Paper III 
spruce + K6 Paper IV Paper IV Paper III 
spruce + K7 Paper IV Paper IV Paper III 
miscanthus - - Paper III 
miscanthus + K1 - - Paper III 
miscanthus + K4 - - Paper III 
miscanthus + K5 - - Paper III 
miscanthus + K7 - - Paper III 
 
Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS, Fig. 1–1.) experiments 
were performed at 450 and 500 °C for 20 sec in a Pyroprobe 2000 pyrolyser (Chemical 
Data System) equipped with a platinum coil and quartz sample tube interfaced to a gas 
chromatograph (Agilent 6890) coupled with a mass selective detector (Agilent 5973) 
operating in electron impact mode (EI) at 70 eV. The temperature of the GC/MS 
interface was held at 250 °C. A helium carrier gas of 20 ml/min flow rate purged the 
pyrolysis chamber held at 250 °C. A split of the carrier gas (1:20) was applied. The GC 
separation was carried out on a fused silica capillary column (Hewlett-Packard 5MS), 
30 m x 0.25 mm. A temperature program from 50 to 300 °C at 10 °C/min was applied 
with an isotherm period of 1 min at 50 °C and of 4 min at 300 °C. Identification of the 
GC/MS peaks was based on comparison to spectra of NIST 98 spectrum library. 
With the help of the Py-GC/MS method we are able to separate and identify the gases 
and vapours produced during fast pyrolysis of wood and wood + catalyst samples. 
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Figure 1-1. Pyrolysis-gas chromatography/mass spectrometry equipment. 1: pyrolysis 
chamber, 2: gas chromatograph, 3: mass spectrometer, I: ion source, D: detector. 
 
The thermogravimetry/mass spectrometry (TG/MS) experiments (Fig. 1–2.) were 
carried out on a Perkin-Elmer TGS-2 thermobalance coupled to a HIDEN HAL 2/301 
PIC quadrupole mass spectrometer through a glass-lined metal capillary heated to 300 
˚C. The temperature range of the experiments was 50-800 °C in argon atmosphere, and 
the heating rate was 20 °C/min. A portion of the evolved products (approximately 1 %) 
was introduced into the mass spectrometer operating in the electron impact ionization 
mode at 70 eV electron energy. The intensity of the products was normalised to the 
sample mass and the intensity of the 38Ar isotope in order to avoid errors caused by the 
shift in sensitivity of the mass spectrometer. In this case the heating rate was lower 
compared to the Py-GC/MS method. Thus, a slow thermal decomposition of biomass 
could be studied. With the help of the thermobalance we got information concerning the 
sample mass, and we could monitor the profile of the arising volatile compounds, (by 
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their fragments) as a function of temperature (time) with the help of the mass 
spectrometer. 
 
 
Figure 1-2. Thermogravimetry/mass spectrometry equipment. 
 
The lab-scale experiments were performed in a fixed bed reactor (Fig. 1–3. and Fig. 1. 
in Paper III), with gas, fluid and char separation. In this reactor we got measurable 
amounts of pyrolysis gases and liquids, and it was possible to analyse the different 
phases separately. The reactor was filled with 0.7 g catalyst, or glassbeads for the non-
catalytic tests and the piston was filled with biomass (1.5 g). Glasswool was placed in 
the bottom of the reactor, to the top of the piston and to separate the catalyst and the 
biomass bed. The system was always heated in the presence of N2 (30 cc/min) and, by 
using a temperature controller, the temperature of each zone of the furnace was 
controlled. The reaction temperature was 500 °C. As soon as the reaction temperature 
was achieved, biomass entered the reactor and the experiment started. During the time 
of the experiment (15 min) the piston did not return to its original position in order to be 
checked after the end of the experiment. The experiments were performed in the 
presence of N2. The liquid products were collected in a liquid bath (-17 °C) and 
quantitatively measured in a pre-weighted glass receiver.  
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Figure 1-3. The fixed-bed reactor system. 
 
The two phases of the liquid – the organic phase and the aqueous phase – were 
separated with an organic solvent. The gaseous products were collected and measured 
by water displacement. The amount of coke formed was measured by direct weighing. 
The liquid samples were analysed by GC/MS analysis in a HP 5989 MS ENGINE 
(Electron energy 70eV; Emission 300V; Helium flow rate: 0.7cc/min; Column: HP-
5MS (30m x 0.25mmID x 0.25 µm)) for the identification of compounds in the organic 
phase. The gaseous products were analysed in a HP 6890 GC, equipped with four 
columns (Precolumn:OV-101; Columns: Porapak N, Molecular Sieve 5A and Rt-Qplot 
(30m x 0.53mm ID) and two detectors (TCD and FID). 
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1.3 Overall conclusions 
 
There are several reaction routes competing during biomass pyrolysis and after the 
pyrolysis in the hot vapour. Due to the catalysis, the particular reaction rates may 
change or new reaction routes occur, thus changing the product yields. The reactors 
used in this thesis have different configurations and heating rates which also affect the 
reaction rates during the pyrolysis and the upgrading process, and this is shown, for 
example, in the acids yield. The Py-GC/MS showed the highest acid yields, and the 
yields were higher than that of the non-catalytic sample. At the fixed bed reactor 
system, the aqueous phases were separated and not analysed. These probably contained 
most of the acids formed in the reaction. The TG/MS reactions showed a reduction in 
the acid yield compared to the non-catalytic sample, but here, the pyrolysis rate was 
slower and the residence time was longer, the acids might have reacted further. The 
amount of char increased in the microscale experiments (TG/MS and Py-GC/MS) but 
decreased in the fixed bed reactor.  
However, some trends can be observed when catalysts are used. As a result of the 
catalytic cracking of the vapours, the amount of water increased compared to the non-
catalytic experiments with all the catalysts in each of the reactors. When spruce was 
pyrolysed in the presence of unmodified Al-MCM-41 catalyst, the yields of furan ring 
containing compounds increased considerably. The yields of phenols, light phenol 
substitutes, hydrocarbons and PAHs increased, but the yields of alcohols, aldehydes, 
heavy phenol substitutes and heavy compounds decreased. With increasing pore 
diameter the changes show the same trends, but in a smaller degree. Metal incorporation 
into the parent Al-MCM-41 without any pore modifications shows similar yields as the 
catalyst with the largest pores, however, there can be small differences in the yields of a 
few compounds. 
Spruce pyrolysis in the presence of SBA-15 catalyst shows similar yields as the 
uncatalysed experiments in most cases, however, the yields of furan-ring containing 
compounds increased and some other compounds varied slightly. Aluminium 
incorporation into the SBA-15 framework changed the product yields considerably. 
Both the desirable and the undesirable product yields increased. The SBA-15 catalysts 
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compared to the MCM-41 catalysts, has lower surface areas, especially the aluminium 
incorporated SBA-15, and considerably larger mesopores. During spruce pyrolysis in 
the presence of SBA-15 catalysts, compared to the Al-MCM-41 catalysts, increased the 
desirable product yield, mostly with Al-SBA-15, however, in this case, the undesirable 
product yield increased considerably as well.  
According to the published results, among the studied catalysts, the FCC catalyst 
produces the best-quality bio-oil with the spruce biomass. This catalyst is also the 
cheapest one as it is already available commercially. Al-MCM-41 type catalyst does not 
perform well with this biomass type, and furthermore, it has a weak hydrothermal 
stability. SBA-15 catalyst with aluminium incorporation can have a potential, but the 
performance and the price is probably not competitive with the FCC catalyst. The 
difference in catalyst performance is much greater than expected when the biomass is 
changed. With miscanthus, the unmodified Al-MCM-41 catalyst performs best and the 
FCC catalyst does not produce a good quality product. The SBA-15 catalyst’s present 
performance is similar both with miscanthus and spruce. The differences between these 
two biomasses can be attributed to the miscanthus' higher ash content (the miscanthus 
biomass contains approximately 4 % ash), which can contain metals that catalyse some 
reactions. The miscanthus has also higher cellulose and hemicellulose and lower lignin 
content, which can also contribute to the differences between the yields of obtained 
compounds.  
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1.4 Summary and conclusions of the papers 
 
Paper I. 
The effects of Al-MCM-41 catalysts on the thermal decomposition of barkfree spruce 
wood were studied in this paper. Samples of wood – catalyst mixtures were subjected to 
analytical pyrolysis at 500 °C for 20 seconds using on-line pyrolysis-gas 
chromatography/mass spectrometry (Py-GC/MS). Thermogravimetry (TG) experiments 
were performed to monitor the weight loss under slow heating rate conditions (20 
°C/min) from 50 to 800 °C. 
MCM-41 type mesoporous catalysts converted the pyrolysis vapours into lower 
molecular weight products, and hence, more desired bio-oil properties could be 
achieved. The catalytic properties of MCM-41 materials can be significantly improved 
when specific transition metal cations or metal complexes are introduced into the 
structure. Pore enlargement allows the processing of larger molecules. In this paper, 
four catalyst tests were published; all of them were Al-MCM-41 type catalysts with a 
Si/Al ratio of 20. These catalysts were: an unmodified Al-MCM-41, a transition metal 
(Cu) modified Al-MCM-41, and two Al-MCM-41 catalysts with enlarged pores. 
Different pore sizes were obtained by altering the chain length of the template and by 
applying a spacer. 
Due to the activity of the catalysts, the product distribution of pyrolysis vapours 
changed significantly. In accordance with published reports, higher coke and water 
formation was observed during the reaction in the presence of the catalysts. The various 
catalysts showed different influences on the product distribution, and the greatest 
difference was achieved by using the unmodified Al-MCM-41 catalyst.  
Thermogravimetric experiments indicated that the applied Al-MCM-41 catalysts 
increase the char and the water yield during the thermal decomposition of biomass. 
Nevertheless, the product distribution is altered due to the transformation of the volatile 
pyrolysis products by the catalysts. 
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Paper II. 
In this paper, Al-MCM-41 type mesoporous catalysts were used for converting the 
pyrolysis vapours of spruce wood in order to obtain better bio-oil properties. Four Al-
MCM-41 type catalysts with a Si/Al ratio of 20 were tested. The catalytic properties of 
Al-MCM-41 catalyst were modified by pore enlargement, which allows the processing 
of larger molecules and by introduction of Cu cations into the structure.  
Spruce wood pyrolysis at 500 °C was performed and the products were analysed with 
the help of on-line pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). In 
addition, thermogravimetry/mass spectrometry (TG/MS) experiments were applied for 
monitoring the product evolution under slow heating conditions (20 °C/min) from 50 to 
800 °C.  
Levoglucosan is completely eliminated, while acetic acid, furfural and furanes become 
quite important among cellulose pyrolysis products over the unmodified Al-MCM-41 
catalyst. The dominance of phenolic compounds of higher molecular mass is strongly 
cut back among the lignin products. Both the increase of the yield of acetic acid and 
furan and the decrease of large methoxyphenols are repressed to some extent over 
catalysts with enlarged pores. The Cu modified catalyst performed similarly to the 
catalyst with enlarged pore size in converting the pyrolysis vapours of wood, although 
its pore size was similar to the unmodified Al-MCM-41. 
 
Paper III. 
Seven mesoporous catalysts were compared in this paper in how they can convert the 
pyrolysis vapours of spruce wood in order to obtain improved bio-oil properties. Four 
Al-MCM-41 type catalysts with a Si/Al ratio of 20, a commercial FCC catalyst, a pure 
siliceous SBA-15 and an aluminium incorporated SBA-15 materials were tested. The 
catalytic properties of Al-MCM-41 catalyst were modified by pore enlargement that 
allows the processing of larger molecules and by introduction of Cu cations into the 
structure.  
Spruce wood pyrolysis at 500 °C was performed in a lab-scale fixed bed reactor, the 
solid, gaseous and liquid products were separated and the gases and the organic part of 
the liquids were analysed with the help of gas chromatography/mass spectrometry.  
Objectives, summary and conclusions 
 12
The gas yield increased in each catalytic case. The coke yield remained the same in 
some cases, whereas in other experiments a slight decrease could be observed compared 
to the non-catalytic experiments. The yield of the aqueous part in the liquid phase 
increased in the catalytic runs.  
The obtained products in the organic phase were grouped into eight groups and further 
into desirable and undesirable product groups and the yields were evaluated. In the 
catalytic experiments the hydrocarbon and phenol yields increased, while the carbonyl 
yields decreased. All catalysts tested reduced the undesirable product yield, while the 
desirable product yield remained the same or, in some cases, increased.  
To study the feedstock effect on the catalytic upgrading of the pyrolysis vapours, some 
tests were performed with miscanthus biomass. Comparing the bio-oil properties 
obtained from miscanthus and spruce it was found that the bio-oil produced from 
miscanthus has better characteristics. With spruce the FCC, with miscanthus the 
unmodified Al-MCM-41 are the best performing catalysts. Concerning the pyrolysed 
feedstocks, with miscanthus a better quality bio-oil has been obtained.  
 
Paper IV. 
Spruce wood was subjected to analytical pyrolysis at 500 °C for 20 sec using on-line 
pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). The volatile 
decomposition products were separated by gas chromatography and the components 
were analysed by mass spectrometry. In addition, thermogravimetry/mass spectrometry 
(TG/MS) experiments were applied for monitoring the weight loss and the product 
evolution under slow heating conditions (20 °C/min) from 50 to 800 °C. 
New mesoporous materials (SBA-15) and a commercial FCC catalyst were tested in this 
work. During the pyrolysis experiments, the biomass and the catalyst were placed in 
two layers, with the catalyst on top in order to ensure that the pyrolysis vapours pass 
through the catalyst. 
Due to the catalytic activity, the product distribution of pyrolysis vapours changed 
significantly. As expected, higher coke and water formation was observed during the 
reaction, and the yields of several compounds were altered. The amount of the evolved 
organic acids and aldehydes decreased, while the amount of hydrocarbons increased. 
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The studied catalysts showed different influences on the product distribution and the 
largest effect was achieved by using the commercial FCC catalyst. The results show that 
catalyst usage can be advantageous in the production of better quality bio-oils. 
 
1.5 Contribution to papers 
 
Judit Adam has contributed to the papers as follows: 
Paper I and II. 
Judit Adam has prepared the catalyst particles under the guidance of Michael Stöcker, 
Merete H. Nilsen and Aud Bouzga and performed part of the experiments. Evaluation 
and analysis of the experimental results were performed in cooperation with Marianne 
Blazsó and Erika Mészáros.  
Paper III.  
Judit Adam has prepared the catalyst particles in cooperation with Michael Stöcker, 
Merete H. Nilsen and Aud Bouzga, performed all the experiments and carried out the 
evaluation and analysis of the experimental results in cooperation with Eleni 
Antonakou.  
Paper IV. 
Judit Adam has prepared the catalyst particles in cooperation with Michael Stöcker, 
Merete H. Nilsen and Aud Bouzga and performed part of the experiments. Evaluation 
and analysis of the experimental results were performed in cooperation with Marianne 
Blazsó and Erika Mészáros.  
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2 Introduction 
 
The largest single portion of the energy used is derived from petroleum, the renewable 
energy usage is 13-14 % from biomass and 6 % from hydro (Fig. 2–1.).  
 
 
Figure 2-1. Worlds primary energy consumption in 1990 [1]. Industrialised countries: all 
OECD countries plus E. Europe and ex-USSR. 
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Because much of the oil is produced in unstable regions of the world, the high 
dependence on outside sources of oil resulted in several price shocks and caused 
considerable damage to the economy in the 1970s. As a result, many countries ought to 
develop new sources of energy that would reduce oil imports and improve their strategic 
and economic strength. Besides these economic issues, in the near future we are also 
faced with potentially even greater environmental consequences if we do not change our 
energy use patterns. Renewable energy is of growing importance in satisfying 
environmental concerns compared to the use of fossil fuel and its contribution to the 
greenhouse effect. A future lack of fuel resources and the environmental effects related 
to energy conversion of these fuels have put focus on renewable energy sources. 
Utilisation of wind, solar and biomass for energy purposes are areas with extensive 
R&D activities. Biomass is regarded as the most important renewable energy source in 
the nearest future. In 1990, the EU member states had a target of an increase of the use 
of renewable energy from 6 % to 12 % by the end of 2010, and bioenergy will 
contribute for a major part (approximately 2/3) of this increase. The large role biomass 
is expected to play in the future energy supply can be explained by the fact that biomass 
fuels can substitute more or less directly for fossil fuels in the existing energy supply 
infrastructure. Intermittent renewables such as wind and solar energy are more 
challenging to the ways we distribute and consume energy.  
 
The total use of biomass in the Nordic countries is about 235 TWh (Fig. 2–2.), which is 
even more than the total hydropower electricity and approximately 40 % of the total use 
of biomass energy in Europe. In Finland and Sweden, the major consumers of biofuels 
are the pulp and paper industry, using bark peat and black liquor. In Denmark, it is 
essential the combustion of straw bales in small boilers for district heating. In Norway, 
use of wood stoves is very common.  
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Figure 2-2. Actual use of bioenergy in the Nordic countries [2]. 
 
In Norway, the total energy consumption is 219 TWh of which the total stationary 
energy consumption makes 165 TWh. The use of bioenergy is 16.5 TWh and half of it 
is consumed in private households. In Sweden the bioenergy use is about 17 %, in 
Denmark 8 % and in Finland 25 % of total energy consumption [2]. 
 
2.1 Energy from biomass 
 
Biomass is a complex resource that can be processed in many ways leading to a variety 
of products. This is reviewed by Chum and Overend [3] and in Fig. 2–3. However, for 
renewable processing of biomass the cost of technologies still needs to be decreased 
through research, development, demonstrations, and diffusion of commercialised new 
technologies. Valuing the environmental and social contributions that biomass 
inherently makes can also help to increase its use. Broad societal consensus on land and 
water use issues is needed. Each route requires integrated efforts across federal 
agencies, multiple industrial sectors, academia, national laboratories, non-profit 
organisations, professional societies etc.  
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Figure 2-3. From multiple biomass resources to a variety of fuels and energy products 
[3]. 
 
As we can see in Fig. 2–3. and [4] the biomass conversion technologies are mostly 
grouped as the following:  
 
• physical/chemical processing 
• thermochemical (via heat treatment) 
• biological (via microbiological action) 
 
There are several ways we consume energy. Basically, we need heat, electricity and fuel 
for transportation. Production of these services from biomass has to meet the 
possibilities. Faaij [5] has reviewed the different biomass applications and the different 
conversion technologies. This is summarized in Fig. 2–4.  
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Figure 2-4. Main conversion options for biomass to secondary energy carriers [5]. 
 
Bridgwater et al. [6] reviewed and evaluated the projects on how biomass conversion 
technologies can meet environmental requirements. The gaseous emissions were 
studied, and the recommended emission controls were discussed using biofuel (solid, 
liquid bio-oil and biogas from gasification) in combustion applications (engines, boilers 
and gas turbines). They concluded that the solid fuel combustion is the most established 
technology for biomass utilisation. Bio-oil needs new fuel injection systems to control 
NOx and bio-oils further need to be standardised to be regarded as a commercial fuel. 
The problem with biofuel combustion is the size: how to control emissions while 
ensuring that the technologies involved do not bankrupt the overall process. Biomass-
based systems have traditionally small system capacities, which limit both scale 
economies and system efficiencies, making it difficult to absorb the extra costs of 
emission control. 
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2.1.1 Biomass conversion technologies 
Some examples of the biomass conversion technologies are the following: 
 
Direct combustion to provide heat 
Biomass combustion is commercially available and it is convenient to produce heat and 
power at high (80-90 %) efficiency, however in this case the efficiency of the power 
production is rather low (15-30 %). Production of heat in district heating systems 
increases the overall efficiency. The technology represents a minimum risk to investors.  
 
Gasification to provide fuel gas 
Biomass gasification with turbine or engine to power production has an efficiency of 
about 40-50 %. This technology is also commercially available. The biomass 
gasification process is also referred as 'pyrolysis by partial oxidation'. It intends to 
maximise the gaseous product, and generally takes place between 800 and 1000 ˚C. The 
product is fuel gas, which can be upgraded to methanol by synthesis, combusted to 
generate heat, or can be used in engines, high temperature turbines or fuel cells to 
generate power. The gas is very costly to store or transport because of the low energy 
density so it has to be used locally.  
 
Biological gasification to produce hydrogen 
The main objective of this process is to produce hydrogen from crops and wastes 
employing anaerobic, thermophilic or hyperthermophilic microorganisms in order to 
supply the fuel cell industry with clean hydrogen gas derived from renewable resources. 
The final product is hydrogen. 
 
Extraction and production of esters from oilseeds 
Oilseeds, like rapeseed can be extracted and converted to esters and are well suited to 
replace diesel. Rapeseed production and subsequent estherification (using methanol to 
produce rapeseed methyl esther, RME) and distribution is an established technology in 
Europe. However, RME fuel chains are unfavourable when compared to perennial 
crops, meaning the net energy production per hectare is low. [5] 
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Biological degradation to produce ethanol 
Ethanol is world-wide produced from sugar and starch, this is a well established 
technology. Ethanol is generally used mixed with gasoline which at low percentages (up 
to 20 %) can be done without adaptations to the current vehicle fleet. Ethanol has the 
advantage to lower NOx and dust emissions compared to gasoline use only. However 
ethanol production from food crops is far from competitive when compared to gasoline 
and diesel prices.  
Hydrolysis of lignocellulosic biomass can open the way toward low cost and efficient 
ethanol production. This method uses cellulase enzymes and yeast to convert the wood, 
however, cheap and efficient hydrolysis processes are still under development and some 
fundamental issues need to be resolved.  
Biomass can be converted to ethanol by acid- or enzymatic-based approaches (Fig. 2–
5.).  
 
Lignocellulose
Ethanol
Concentrated 
acid hydrolysis
Dilute acid 
hydrolysis
Simultaneous 
saccharification
and fermentation 
(SSF)
Enzymatic 
hydrolysis
Fermentation
Distillation
Pretreatment
Enzyme 
production
 
Figure 2-5. The process of bioethanol production from lignocellulosics. 
 
In either option, the material must first be processed in some way to reduce its size and 
facilitate subsequent handling. Then acids or enzymes are used to break apart or 
Introduction 
 21
hydrolyse the hemicellulose and cellulose chains to form their monomeric sugars. If 
enzymes are used, a pretreatment step is necessary to render the cellulose fraction 
accessible to the cellulase enzymkomplex. The reason is that the native biomass is 
recalcitrant to the action of cellulase enzymes due to its crystallinity, presence of lignin 
and hemicellulose, acetylation of hemicellulose and inaccessible surface area. The 
formed monomeric sugars are fermented to ethanol by adding yeast, bacteria, or other 
suitable organisms, and the ethanol is recovered by distillation or with other separation 
technologies for use as fuel. The lignin from the biomass can be burned to provide all 
the heat and electricity for the process or converted into valuable chemicals or fuels. 
 
Pyrolysis 
Pyrolysis is the thermal degradation of biomass in the absence of oxydising agent at 
200-500˚C. Depending on the method used, the process leads to a mixture of tar 
vapours, gases and highly reactive carbonaceous char of different proportions. Using 
high heating rates, moderate temperatures and very short residence times the tar 
compound can be maximised (bio-oil production), while using low temperatures and 
long residence times the char yield can be maximised. The char produced can be 
upgraded to activated carbon, domestic cooking fuel or barbecuing.  
 
Heat and power is being produced in stationary power plants which, due to their size, 
have many opportunities to deal with several types of (problematic) feed, and to clean 
gases. Production of transportation fuels is more challenging. As the transportation fuel 
is used in many vehicles, any modifications in the engine need to take place in each of 
the vehicles, which makes a new fuel application expensive. Biofuels that can be used 
without engine modifications have great opportunities in the near future. These are for 
example biodiesel and bioethanol/gasoline blends.  
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2.2 Liquid biofuels 
 
The advantage of producing a liquid fuel is the improved transport possibilities (i.e. 
lower costs) that is, when the fuel is not used at the production site, but it needs to be 
stored and transported. Liquid fuels are cheapest and easiest to transport, as they have 
the largest energy density. Solid fuels are easy and safe to transport, but it can be more 
expensive, as they have lower energy density. Gaseous fuels are expensive, difficult and 
more dangerous to transport, these should be used at the production site. Heat can only 
be transported at short distances and must be used at the production site.  
Global interest in liquid fuels has increased considerably over the last decade despite the 
fall in oil prices after 1981. The EU Commission has set a target of up to 5 % of the 
liquid transport fuel market could be supplied by biodiesel and bioethanol by 2010 [1].  
Examples of liquid bio fuels with potential are biodiesel, bioethanol and bio-oil. 
 
2.2.1 Biodiesel 
Biodiesel comprises ethyl or methyl esters of edible oils. Rape methyl ester (RME) 
produced from oilseed rape is the main source in Europe and Canada, while soya oil is 
used in the USA [1]. Biodiesel can be used pure or blended with mineral diesel in 
existing engines with only minor modifications and a small reduction in engine 
performance. Lapuerta et al. [7] investigated the emissions from a diesel engine running 
on diesel, biodiesel and blends. They concluded that the particular matter emissions 
were reduced for every mode tested as the concentration of any of the tested biodiesel 
fuels were increased in the blend. Additionally, the presence of oxygen on the ester 
molecules did not lead to increase in NOx formation. On the contrary certain decrease 
was observed at high load.  
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2.2.2 Bioethanol 
Ethanol has a number of very favourable properties that are desirable for use as a neat or 
pure fuel. Its high heat of vaporisation, low flame temperature, greater gas volume 
change, high specific energy, high octane, and other characteristics make it possible to 
achieve about a 15 % higher efficiency for ethanol than for gasoline in properly 
optimised spark-ignition engines. This improvement can largely compensate for the fact 
that ethanol has about two-thirds of the volumetric energy content of gasoline, and a 
vehicle should be able to travel about 75 % to 80 % of the distance on a given volume 
of ethanol as on the same volume of gasoline. From an economic perspective, this 
means neat or pure ethanol is worth about 75 % to 80 % of the pump price of gasoline.  
Using ethanol-gasoline blended fuel instead of gasoline alone, especially under fuel rich 
conditions, can lower HC, CO and NOx emissions [8]. Hansen et al. [9] reviewed the 
tests on ethanol-diesel fuel blends. They stated that ethanol in the fuel reduces the 
particulate matter in each case, but its effect on CO, hydrocarbon and NOx emission was 
not clear. Furthermore, ethanol can be blended in diesel up to 10 % without any 
significant effect on the engine performance. 
 
2.2.3 Pyrolysis liquid – bio-oil 
Pyrolysis liquid is referred to many names including pyrolysis oil, bio-oil, bio-crude oil, 
biofuel-oil, wood liquids, wood oil, liquid smoke, wood distillates, pyroligneous tar, 
pyroligneous liquid and liquid wood. The crude bio-oil is dark brown and approximates 
to biomass in elemental composition. The application possibilities and the combustion 
tests are described in Chapter 3.4. 
 
2.3 Lignocellulosic materials 
 
Lignocellulosic materials are of interest as a raw material for bioenergy production 
since they are available in large amounts and are relatively cheap. Since the chemical 
composition and physical characteristics differ between various raw materials, the 
processing of the materials to produce energy differs as well as the yield obtained. 
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Lignocellulosic materials consist of three major components, typically, about 35 % to 
50 % is composed of cellulose, and another 20 to 35 % is made up of hemicellulose. 
Lignin is the third major constituent and the rest is typically much smaller amounts of 
ash, soluble phenolics and fatty acids called extractives, and other minor components. 
Generally, softwoods contain more lignin than other lignocellulosic materials. 
 
The wood system is classified for convenience into three major components, extraneous 
substances, polysaccharides, and lignin. 
 
2.3.1 Extraneous materials 
The extraneous component refers to all non-cell wall materials. This component 
consists of an astonishingly wide variety of chemicals. Based on their solubilities in 
water and neutral organic solvents, these chemicals can be classified as extractives or 
non-extractives. The extractives can be crudely divided into three groups, namely, 
terpenes, resins and phenols. The terpenes are regarded as isoprene polymers and are a 
source of terpentine in industrial processes. Related to terpenes are terpene alcohols and 
ketones. The resins include a wide variety of non-volatile compounds, including fats, 
fatty acids, alcohols, resin acids, phytosterols, and less known neutral compounds in 
small amounts. The phenols consist of a large number of compounds, the most 
important among them are tannins, heartwood phenols, and related substances. In 
addition, low molecular weight carbohydrates, alkaloids, and soluble lignin are 
extracted. 
The non-extractives mainly consist of inorganics mostly present in ash minerals. The 
dominating components are alkali and alkali earth carbonates, and oxalates. Silica 
deposited as crystals is especially abundant in straws; furthermore, small amounts of 
non-cell-wall substrates, such as starch, pectin, and protein are not extractable. 
In spite of their small quantity, the role of extraneous compounds is very significant in 
that they render cellulose not only resistant to decay and insect attack but also inhibitive 
to pulping and bleaching. 
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2.3.2 Polysaccharides 
The polysaccharide component consists of high-molecular weight carbohydrates, 
namely, cellulose and hemicellulose, which amount to 60 to 80 % of the total wood. 
 
Cellulose 
Cellulose is the major component of cell walls of wood fibre and is a linear polymer of 
D-glucose molecules bound together by β (1,4)-glycosidic linkages. Strictly speaking, 
the repeating units are cellobiose molecules. The degree of polymerisation (the number 
of glucose molecules in a cellulose chain) is normally in the range of 7500-15000 for 
plant cellulose. The cellulose molecule is shown in Fig. 2–6. 
 
Figure 2-6. Cellulose molecule. 
 
The cellulose chains are bound together by hydrogen bonds to form a very rigid 
macromolecular structure, microfibrils, with diameters in the range of 10-25 nm. 
Microfibrils are built up to fibrils and finally to cellulose fibres. Most of the cellulose 
chains are highly ordered or crystalline, due to hydrogen bonding occurring between 
linear molecules, but small parts of the cellulose are amorphous. The degree of 
crystallinity varies within different plants.  
 
Hemicellulose 
Hemicellulose, an amorphous heterogeneous group of branched polysaccharides, 
surrounds the cellulose fibres and intrudes into the cellulose through pores. Xylose, 
arabinose, mannose, glucose, glucoronic acid and galactose are the major sugar 
residues. The role of this component is to provide a linkage between lignin and 
cellulose. In its natural state, it exists in an amorphous form and can be divided into two 
categories, cellulosans and polyuronides. Cellulosans include all those hemicelluloses, 
which are polymers, whose building blocks are monomers of single sugars, including 
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hexosans, such as mannan, galactan, and glucosan, and pentosans such as xylan and 
arabinan. Polyuronides are hemicelluloses, which contain large amounts of hexuronic 
acids and some methoxyl, acetyl, and free carboxylic groups. Hemicellulose structure is 
characterised by a long, linear backbone of one repeating sugar type, with short, 
branched side chains composed of acetate and sugars. The degree of polymerisation is 
about 200 for hemicellulose. The composition of hemicellulose varies between species 
and particularly between soft- and hardwoods.  
Hemicellulose is composed of shorter chain polysaccharides, and it is the principal non-
cellulosic fraction of polysaccharides. Hardwood hemicellulose is rich in xylan 
polymers with small amounts of mannan, and is shown in Fig. 2–7., whereas softwood 
hemicellulose is rich in mannan polymers and contains significant quantities of xylans, 
as shown in Fig. 2–8. 
 
 
Figure 2-7. Hardwood hemicellulose: O-acetyl-galacto-glucomannan. 
 
 
Figure 2-8. Softwood hemicellulose: arabino-4-O-methylglucuronoxylan. 
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2.3.3 Lignin 
Lignin is a highly complex, probably the most complex and least well characterised 
molecular group among wood components, three-dimensional polymer of different 
phenyl-propane units (which are mainly guaiacyl, syringyl and p-hydroxy-phenyl), and 
which are bound together by ether and carbon-carbon bonds (Fig. 2–9.). It processes a 
high molecular weight and is amorphous in nature. In wood, the lignin network is 
concentrated between the outer layers of fibres. The lignin gives structural rigidity by 
stiffening and holding the fibres of polysaccharides together. Lignin amounts to 20-35 
% of the wood structure.  
 
 
Figure 2-9. Lignin composition [10]. 
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3 Bio-oil  
 
3.1 Bio-oil production 
 
Pyrolysis is by definition thermal decomposition occurring in the absence of oxygen. It 
is always the first step in combustion and gasification processes where it is followed by 
total or partial oxidation of the primary products.  
In order to maximise the liquid yield of the pyrolysis process short residence times and 
moderate temperatures should be chosen. The pyrolysis process under such conditions 
is called fast pyrolysis. An example of such a process is shown in Fig. 3–1. 
 
 
Figure 3-1. An example of a bio-oil production process [11]. 
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Fast pyrolysis is a process where biomass is rapidly heated in the absence of oxygen. As 
a result biomass decomposes to generate mostly vapours and aerosols and some 
charcoal. After cooling and condensation, a dark brown mobile liquid is formed which 
has a heating value about half that of conversional fuel oil. Fast pyrolysis is not an 
equilibrium process. During fast pyrolysis dramatic changes occur in specific volume 
between the reactants (biopolymers) and the products causing the volatile products 
leave the pyrolysis zone at considerable velocities. This results in the entrainment of 
solid particles and aerosols, which normally would not volatilise at the process 
temperature. Bridgwater and Peacocke [11] reviewed the key features of fast pyrolysis, 
technology, status and liquid production processes in 2000. 
 
The essential features of fast pyrolysis process for producing liquids are: 
 
• Reactor configuration 
• Heat transfer 
• Heat supply 
• Feed preparation 
• Temperature of the reaction 
• Vapour residence time 
• Secondary vapour cracking 
• Liquids collection 
• Char separation 
• Ash 
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3.1.1 Reactor configuration 
The heart of a fast pyrolysis is the reactor, almost all research and development has 
focused on this part.  
Rapid thermal processing reactors are processing at a temperature between 400-600 °C 
and have a very short residence time (up to 2 s). These types of reactors are fluidised 
bed reactors, ablative pyrolysis, entrained flow and rotating cone. 
 
Fluidised bed reactors 
 
Bubbling fluid beds 
Bubbling fluidised bed reactors have a simple construction and operation, they have 
good temperature control and very efficient heat transfer to biomass particles due to 
high solids density. They are also easy to scale. This is a well understood technology, 
the reactor has good and consistent performance with high liquid yields: typically 70-75 
wt% from wood on a dry feed basis.  
In the reactor, heating can be achieved in a variety of ways (direct, indirect and use of 
indifferent media), the residence time of solids and vapours is controlled by the 
fluidising gas flow rate and is higher for char than vapours. Char acts as an effective 
vapour cracking catalyst at fast pyrolysis reaction temperatures, so rapid and effective 
char separation/elutriation is important using this technology. Small biomass particle 
sizes (less than 2-3 mm) are needed to achieve a high heating rate. 
 
Circulating and transported fluid beds 
In the circulating fluidised bed reactor the solids are entrained in a vertical rubular 
reactor (riser). The biomass is fed in the riser section of the bed, where it is pyrolysed 
[12]. After the pyrolysis zone, the solids (char and sand mixture) are separated from the 
gas (organic vapours + combustion and fluidising gases) stream and recycled to the 
combustion chamber (second reactor, often bubbling fluidised bed), where fluidising 
gas is fed. The char combustion provides the heat necessary for devolatilisation. The 
pyrolysis vapours leave the reactor through a system of cyclones and are supplied to the 
downstream processing equipment for quenching and recovery.  
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These reactors are characterised by high heat transfer rates, high char abrasion from 
biomass and char erosion leading to high char in product, so effective char/solid heat 
carrier separation is required. Furthermore solids recycle is required as well. This 
system has an increased complexity compared to bubbling fluidised bed reactors. The 
maximum feedstock particle sizes are up to 6 mm. Possibly the liquids crack by hot 
solids, and secondary liquid cracking is also possible by hot char. Scale-up problems 
may occur due to very large quantity of hot gas is required.  
Good temperature control can be achieved in reactor. The residence time for char is 
almost the same as for vapours and gas. These reactors are suitable for very large 
throughputs, and perform a well understood technology, hydrodynamics are more 
complex, and char is more attrited due to higher gas velocities. Char separation is done 
by cyclone, and a closely integrated second reactor (for char combustion and sand 
reheating) requires careful control. The system has a liquid yield at about 60-70 % wt.  
 
Ablative pyrolysis 
Ablative pyrolysis is substantially different in concept compared to the other methods of 
fast pyrolysis. The mode of reaction in ablative pyrolysis is analogous to melting butter 
in a frying pan, when the rate of melting can be significantly enhanced by pressing 
down and moving the butter over the heated pan surface. In ablative pyrolysis heat is 
transferred from the hot reactor wall to "melt" wood that is in contact with it under 
pressure (Fig. 3–2.). As the wood is mechanically moved away, the residual oil film 
both provides lubrication for successive biomass particles and also rapidly evaporates to 
give pyrolysis vapours for collection in the same way as other processes. The rate of 
reaction is strongly influenced by pressure, the relative velocity of wood on the heat 
exchange surface and the reactor surface temperature. It has a liquid yield of 60-65 % 
wt. 
This technology accepts large size feedstocks, as the hot solid abrades the product char 
off the particle exposing fresh biomass for reaction, and performs very high mechanical 
char abrasion. It has a compact design, but the heat supply can be a problem.  
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Figure 3-2. Concept of the ablative pyrolysis. 
 
High pressure of particle on hot reactor wall due to centrifugal force or mechanically 
and high relative motion between particle and reactor wall is achieved. The reactor wall 
temperature is less than 600 °C. These reactors use large feed sizes, and inert gas is not 
required so the processing equipment is smaller (in case of mechanically applied 
pressure). The reaction system is more intensive. The process is limited by the rate of 
heat supply to the reactor rather than the rate of heat absorption by the pyrolysing 
biomass as in other reactors and the reaction rates are limited by heat transfer to the 
reactor not to the biomass. This process is mechanically driven so the reactor is more 
complex. [13] 
 
Entrained flow 
This technology is characterised by low heat transfer rates. The particle size limit is < 2 
mm, and there is limited gas/solid mixing. Liquid yields of 50-60 wt% on dry feed have 
been obtained. [13] 
 
Rotating cone 
The rotating cone fast pyrolysis reactor has been developed at the University of Twente 
(The Netherlands) based on particles being transported up a heated rotating cone mixed 
with heated sand [14]. This rotating cone reactor enables high solids throughput without 
requiring any transport gas (except for secondary equipment). Inside the rotating cone, 
biomass particles are mixed intensively with an excess of hot sand particles. The 
concept can be seen in Fig. 3–3.  
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Figure 3-3. The rotating cone reactor. 
 
The rotating speed is 600 rpm, which drives hot sand and biomass up a rotating heated 
cone, vapours are collected and processed conventionally, the char is burned in a 
secondary bubbling fluid bed combustor and the hot sand is recirculated to the 
pyrolyser. Carrier gas requirements in the pyrolysis reactor are much less than for fluid 
bed and transported bed systems (however more gases are needed for char burn off and 
for sand transport). Typical yields obtained are about 60-70 wt%. This technology 
means complex integrated operation of three subsystems: rotating cone pyrolyser, 
bubbling bed char combustor and riser for sand recycling. 
 
3.1.2 Heat transfer and supply 
There are two important requirements of heat supply:  
 
• to the reactor heat transfer medium 
• from the heat transfer medium to the pyrolysing biomass 
 
and there are three main ways of heating biomass particles in a fast pyrolysis system: 
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• gas-solid heat transfer, where the heat is transferred from the hot gas to the solid 
biomass  
• particle heating by primarily convection  
• solid-solid heat convection with mostly conductive heat transfer.  
 
Fluid bed pyrolysis utilises the inherently good solids mixing to transfer approximately 
90 % of the heat by solid-solid heat transfer. Circulating fluid bed and transport reactors 
rely on both gas-solid convective heat transfer from the fluidising gas and solid-solid 
heat transfer from the hot fluidising solid. Some radiation effects occur in all reactors.  
Since the thermal conductivity of the biomass is very poor, biomass particles have to be 
very small to fulfil the requirements of rapid heating to achieve high liquid yields. As 
particle size increases, liquid yield reduces as secondary reactions within the particle 
become increasingly significant.  
The high heat transfer rate is necessary to heat the particles sufficiently rapid imposes a 
major design requirement on achieving the high heat fluxes required to match the high 
heating rates and endothermic pyrolysis reactions.  
 
3.1.3 Feed preparation 
The heat transfer rate requirements described above impose particle size limitations on 
the feed for some reactors. Drying is usually required to achieve less than 10 wt% water 
unless a naturally dry material (for example straw) is available.  
 
3.1.4 Char removal 
Char acts as a vapour cracking catalyst so effective char removal (selection from the 
vapours) is essential during the pyrolysis process. Cyclones are the usual method of 
char removal and two cyclones are usually provided, the first to remove the bulk of the 
material, and a second to remove as much of the residual fines as possible. Some fines, 
however, always pass through the cyclones and are collected in the liquid product where 
they accelerate aging and contribute the instability problem. Some success has been 
Bio-oil 
 35
achieved by hot gas filtration, but liquid filtration has proved difficult as the liquid can 
have a gel-like consistency.   
 
3.1.5 Liquid collection 
Collection of liquids from biomass pyrolysis has long been a major difficulty in biomass 
pyrolysis research. The pyrolysis vapours have similar properties to cigarette smoke and 
capture by almost all collection devices is normally very inefficient. The product 
vapours are not true vapours but rather a mist or fume and are typically present in an 
inert gas at relatively low concentrations which increases cooling and condensation 
problems.  
Electrostatic precipitators are effective and are used by many researchers, but can create 
problems from the polar nature of product and arcing of the liquids as they flow, 
causing the electrostatic precipitator to short out. Larger scale liquid collecting 
processes employ some type of quenching or contact with the cooled liquid product. In 
these quenches, a very rapid cooling of the product takes place, which is effective, 
especially in direct contact quench.  
The temperature of the transfer lines from the reactor through the cyclones to the liquid 
collection system should be maintained at > 400 ˚C to minimise liquid deposition on the 
walls.  
 
3.1.6 Other processes to produce bio-oil 
 
Vacuum pyrolysis 
Vacuum pyrolysis is not a true fast pyrolysis as the heat transfer rate to and through the 
solid biomass is much slower than in the previously described reactors, but the vapour 
residence time is comparable. Contrary to the fast pyrolysis approach, vacuum pyrolysis 
is a slow heating process with a long contact time of the solid residues inside the reactor 
and a short residence time of the condensable organic vapours formed during the 
pyrolysis reactions. Operating the reactor under vacuum minimises the occurrence of 
secondary decomposition reactions. Typical liquid yields obtained during vacuum 
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pyrolysis of wood reach 65 wt%, and the preferred operating pressure of a vacuum 
pyrolysis plant is 15 kPa [15]. 
The vacuum pyrolysis process can accept larger particles than most pyrolysis reactors, 
there is less char in the liquid product due to lower gas velocities and there is no 
requirement for a carrier gas. The process is relatively complicated mechanically. 
Vacuum pyrolysis appeared to be less economical than fast pyrolysis for the production 
of primary fuel oil.  
 
HTU process 
In the HTU process the feedstock is treated in liquid water at temperatures ranging from 
300 to 350 °C, the pressure is between 100-180 bar (it has no effect, just should keep 
the water in liquid phase) and the residence time is 5-20 minutes. Oxygen is removed 
from the biomass mainly as CO2, which results in a product with low oxygen content 
(10-18 wt%). This product, the biocrude, is not miscible with water and has a relatively 
high heating value (LHV=30-35 MJ/kg) [16].  
 
3.2 Characterisation of bio-oils 
 
The analysis and the characterisation of the fast pyrolysis bio-oils are important areas of 
research. Data on the physical and chemical properties of these liquids can give 
important indications about the pyrolysis process parameters and information about 
quality, toxicity and stability of the product [13]. There are several papers available on 
characterisation of fast pyrolysis liquids [17-21] and they agreed on that there is no 
standard bio-oil, the properties of the liquid are strongly dependent on the feedstock and 
the production conditions. The desired properties vary on the utilisation (Fig. 3–4.). For 
example for chemical purposes the bio oil must be very clean, however, there are less 
demands for fuel purposes. 
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Figure 3-4. Links between pyrolysis oil production, quality and utilisation. 
 
3.2.1 Chemical and physical methods for determination the bio-oil 
properties 
The status of the test methods for characterisation of pyrolysis liquids are entirely 
described by Meier et al. [22] and the chemical analysis methods of bio-oils are 
described by Meier [23]. Sampling methods as well as review of the five key areas as 
physical/chemical properties, combustion technology, safety technology, composition 
and new tests are described. It is often useful to fractionate the bio-oil and characterise 
each fraction ( Fig. 3–5.) [21]. 
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Figure 3-5. Bio-oil fractionation and characterisation. 
 
3.2.2 Physical and chemical properties of bio-oils 
The chemical composition of biomass-based pyrolysis oils is complex – and therefore 
complicated to analyse in all its details. The main components comprising mainly of 
water, carboxylic acids, carbohydrates and lignin derived substances [18]. Faix et al. 
[24-27] published a detailed compilation of the pyrolysis products of wood including 
gas chromatographic retention data and mass spectra. 
The composition of bio-oils results form a complex interrelationship of [28]: 
 
• The biomass species used as feedstock (organic and inorganic compositions, 
including dirt and moisture). 
• Organic nitrogen or protein content of the feedstock. 
• The heat transfer rate and final char temperature during pyrolysis. 
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• The extent of vapour dilution in the reactor. 
• The time and temperature history of the vapours in the reactor. 
• The time and temperature history of the vapours in the heated transfer lines from 
the pyrolysis reactor through the char removal equipment to the quench zone. 
• Whether the vapours pass through accumulated char (i.e., in hot-gas char 
filtration between backflushing operations). 
• The efficiency of the char recovery system to separate the char from the bio-oil 
vapours before condensation. 
• The efficiency of the condensation equipment to recover the volatile components 
from the non-condensable gas stream, e.g., water and low molecular weight 
esters, ethers, acetals, alcohols, and aldehydes. 
• Whether the condensates have been filtered to remove suspended char fines. 
• The water content of the bio-oil. 
• The extent of contamination of the bio-oil during storage by corrosion or 
leaching of the containers. 
• Exposure to air during storage. 
• The length of storage time. 
• The storage temperature. 
•  
The typical chemical composition of a bio-oil is given in Table 3–1. [18]. 
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Table 3-1. Typical bio-oil composition. 
Major components Percent by mass wt% 
Water 20-30 
Lignin fragments 15-20 
Aldehydes 10-20 
Carboxylic acids 15-20 
Carbohydrates 5-10 
Ketones 1-5 
Phenols 2-5 
Alcohols 2-5 
Char 2-3 
Ash 0.7-0.14 
 
There is also a range of articles, trying to summarise the physical characteristics of 
pyrolysis oils. These characteristics are made for flash pyrolysis bio-oils (see Table 3–
2.) and the different type of oils are distinguished by feedstock material, or by the 
pyrolysis method, based on literature data [18-19, 21, 29]. 
 
Table 3-2. Physical properties of bio-oils. 
HHV, MJ/kg 15-19 
LHV, MJ/kg 14-19 
Density, kg/m3 1200-1300 
Flash point ˚C 50-100 
Viscosity @50˚C, cSt 45-70 
pH 2.5-3.5 
 
Heating value: The literature distinguishes between the higher heating value (HHV) 
and lower heating value (LHV). Higher heating value gives the heating value of the dry 
part of the fuel. Lower heating value is the higher heating value minus the lost energy 
due to vapour formation during combustion. 
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Flash point: There is a wide variation in the content of volatiles and it represents a 
wider range flash point values. Above temperatures of 70-75 ˚C, water vapours from the 
pyrolysis oils start to disturb the analysis and a reproducible value is hard to obtain.  
Density: The density of bio-oils are much higher than petroleum derived oils (0.85-1.0 
kg/m3), which reflect the high oxygen content in bio-oils. Bio-oils, which have higher 
densities typically have lower water contents.  
pH: This is a strong hinder of bio-oil applications compared to petroleum derived oils, 
as the low pH values mean high corrosion.  
The physico-chemical composition of bio-oils is reviewed in detail by Milne et al. [20] 
and by Diebold [28]. Several bio-oils were analysed and the contents reported by 
Oasmaa et al. [30] as well.  
 
3.2.3 The stability problem 
The stability problem and the possible reasons of it are studied by many researchers. 
This is reviewed by Diebold [28] and James and Diebold [31]. Pyrolysis of biomass 
under conditions of rapid heating and short reactor residence times can produce a low-
viscosity, single-phase pyrolysis liquid (bio-oil) in yields reported higher than 70 %. 
Most projected uses of bio-oil require that it retain these initial properties during 
storage, shipment and use. The pyrolysis oils are chemically reactive with themselves 
and will polymerise with time, usually with the formation of addition water as a 
byproduct of the reactions. After prolonged storage, the oils tend to increase their 
molecular weight owing to chemical reactions, hence increase the viscosity, and also it 
has a tendency to separate into a thin oil phase and a thick tar phase. This process is 
called aging, and makes storage difficult. Aging is much faster at increased 
temperatures. The loss of volatiles also increases the viscosity.  
Fast pyrolysis is not an equilibrium process, hence the product, the bio-oil, is not in 
thermodynamic equilibrium at storage temperatures. Bio-oil contains a large number of 
oxygenated organic compounds with a wide range of molecular weights, typically in 
small percentages. During storage, the chemical composition of the bio-oil changes 
toward thermodynamic equilibrium, resulting in changes in viscosity, molecular weight 
and co-solubility of its many compounds. In addition, the simple phase bio-oil can 
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separate into various tarry, sludgy, waxy, and thin aqueous phases during aging. Tarry 
sludges and waxes still in suspension cause rapid plugging of fuel filters.  
Most important reactions that occur within bio-oil probably involve: 
 
• Organic acids with alcohols to form esters and water. 
• Organic acids with olefins to form esters. 
• Aldehydes and water to form hydrates. 
• Aldehydes and alcohols to form hemiacetals, or acetals and water. 
• Aldehydes to form oligomers and resins. 
• Aldehydes and phenolics to form resins and water. 
• Aldehydes and proteins to form oligomers. 
• Organic sulfur to form oligomers. 
• Unsaturated compounds to form polyolefins. 
• Air oxidation to form more acids and reactive peroxides that catalyze the 
polymerization of unsaturated compounds. 
 
These reactions are described in details by Diebold [28]. 
 
During aging, chemical reactions change the polarity of the bio-oil components. For 
example estherification converts highly polar organic acid and alcohol molecules into 
esters with relatively low polarity and extremely polar water. This increasing difference 
in polarity among the compounds in the aged bio-oil increases the tendency for phase 
separation. This phase separation will occur into a light, highly polar aqueous phase and 
a less polar heavier organic phase. Additional lighter waxy phases and heavier sludge 
phases also form during storage because of decrease in mutual solubility during aging.  
The headspace gases that evolve during aging could be pyrolysis gases (depending on 
the production procedure) that were selectively absorbed by the bio oil in the 
condensation train during production. The pyrolysis gases would be desorbed with a rise 
in temperature or with a chemical change in the bio-oil that reduced their solubility.  
Boucher et al. [32-33] aged bio-oil samples by heating up to 40 and 80 ˚C. They found 
that the viscosity increased with the residence time and heating temperature. They 
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observed no phase separation while heating the raw bio-oil samples. They observed a 
significant change in the bio-oil solid content only after one week of heating at 80 ˚C. 
Previous literature reported that the water concentration in the bio-oil increased with the 
length of storage period, but Boucher et al. found no clear tendency to conclude this. 
They observed an irreversible phase separation after heating the samples to 80 ˚C. They 
reported that the average molecular weight of the bio-oil increased with the length and 
the temperature of storage.  
 
3.3 Processes to slow aging in bio-oils 
 
3.3.1 Upgrading of bio-oils 
Upgrading of bio-oils can be done with solvents and with catalytic processes. The 
upgrading possibilities are reviewed by Czernik et al. [34].  
Sharma and Bakhshi [35] studied upgrading of the non-phenolic fraction of bio-oil with 
HZSM-5 catalyst in a dual-reactor system. Their objective was to maximise the amount 
of organic distillate with high aromatic hydrocarbon yields. The organic distillate from 
the effluent they obtained from the second reactor showed a yield up to 22 wt% of the 
non-phenolic fraction and it contained up to 78 % of aromatic hydrocarbons. 
Comparison of results with those from a single reactor system revealed that by using the 
dual reactor system, the total amount of coke and char mostly decreased whereas the 
amount of organic distillate product increased, especially when the temperature in the 
first reactor was below 370 °C. 
They further studied the upgrading of the pyrolytic lignin with the same reaction system 
[36]. The objective was the same – to maximise the amount of organic distillate with 
high aromatic hydrocarbon yields. Due to the highly viscous nature of the pyrolytic 
lignin fraction, it was co-processed with tetralin. The amount of organic distillate in the 
effluent from the second reactor was between 22-31 wt% of the pyrolytic lignin fraction 
and contained up to 84 wt% aromatic hydrocarbons. 
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Adjaye and Bakshi [37-38] studied the upgrading of fast pyrolysis bio-oils with 
different catalysts in a fixed bed micro-reactor. The objective was to obtain high yields 
of hydrocarbons. The yields of hydrocarbons (based on the amount of bio-oil fed) were 
27.9 wt% with HZSM-5, 14.1 wt% with H-Y, 4.4 wt% with H-mordenite, 5 wt% with 
silicate and 13.2 wt% with silica-alumina. They found that HZSM-5 and H-mordenite 
produced more aromatic than aliphatic hydrocarbons, while H-Y, silicate and silica-
alumina produced more aliphatic than aromatic hydrocarbons. Furthermore they 
observed a significant amount of char production during upgrading, which indicates the 
unstable nature of the bio-oil. The char formation decreased with increasing both the 
space velocity and temperature, but then deoxydation and hydrocarbon formation 
decreased as well. They found that upgrading of bio-oils with silicate was highly 
undesirable, and the most effective catalysts to upgrade bio-oil to hydrocarbons were 
the acidic zeolite catalysts (HZSM-5, H-Y and silica-alumina), and the catalyst acidity 
affect the coke formation. The catalyst effectiveness to reduce the coke formation 
decreased with increase in the pore size of the acidic zeolite catalysts.  
Boucher et al. [32-33] produced bio-oil by vacuum pyrolysis and blended it with 
methanol and pyrolytic aqueous phase. The aqueous phase is a dark brown liquid 
consisting of 84 wt% water and 16 wt% organic compounds. According to previous 
literature, methanol is an effective additive due to the stability and viscosity of the 
resulting biofuel. Moreover, methanol is inexpensive. Boucher et al. found that the 
surface tension rises with an increase of the aqueous phase concentration in the bio-oil 
mixture. The viscosity of the aqueous phase/oil mixtures was slightly higher than that of 
the raw bio-oil, but they found no important influence, either positive or negative on the 
viscosity. Methanol, by its contribution to form lower particle size droplets, will 
considerably reduce the sedimentation velocity in the mixture and thus increase the 
stability. During heating, the viscosity of the system decreases, resulting in an 
accelerated sedimentation process. The water droplets, even if they are small attract 
each other and form larger ones and this agglomeration leads to sedimentation. Both 
methanol and the aqueous phase decreased the heating value, but both reduced the 
density and methanol reduced the viscosity as well. They reported also that a bio-oil to 
be used as a liquid fuel should not contain more than a total of 15 % aqueous phase, and 
the aqueous phase lowers the stability even at a weak concentration. 
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Diebold has reviewed [28] the effect of solvent addition in detail.  
 
3.3.2 Catalytic pyrolysis 
One approach to improve the quality of the liquid bio-oil is stabilisation by mild 
catalytic pyrolysis.  
Rolin et. al [39] investigated the influence of various catalysts on fast pyrolysis of 
biomass at short residence times. They examined also the effect of the biomass moisture 
content. They impregnated the wood in aqueous solution of catalyst. KCI, NaCl, ZnCl2, 
H3PO4 and (NH4)2HPO2 appeared to be good flame retardants at 900 °C. They observed 
a decrease in the mass yield of gasification, and an increase in residue and a gas phase 
was less flammable as more CO2 and H2O and less CO are evolved. They found that 
CaCl2 Ni(CH3COO)2 and H2O, at 900 °C and carbonates and hydrogen-carbonates at 
800 and 900 °C favour the gasification reaction. They observed an increase in the mass 
yield of gasification and in the volume of gas evolved (with more H2 and CO) and a 
decrease in residue. These effects were further enhanced in the presence of water. 
Gregorski and Pavlath [40] studied the influence of various acidic, basic and neutral 
catalysts on the pyrolysis of pure carbohydrates present in agricultural products. They 
applied thermogravimetry coupled with gas chromatography and mass spectrometry to 
identify the products. They found that the volatile products decrease with catalytic 
pyrolysis and more with acidic than basic catalysts. 
Zaror et al. [41] investigated the secondary char formation in catalytic pyrolysis of 
wood and pure cellulose. The pyrolysed biomass was untreated or impregnated with salt 
(Na2CO3, K2CO3, NaCl, KCl). They concluded that salt impregnation modified weight 
loss rates and increased the charcoal yield in the presence of an inert carrier gas. Longer 
residence times of volatiles in the hot zone gave rise to larger charcoal yields from 
untreated substrates. However, long residence times of volatile matter over Na2CO3-
impregnated cellulose were found to be detrimental to char formation. The results 
indicated that primary volatiles may undergo secondary reactions through competitive 
pathways, either polymerising to form char or cracking to form lighter volatiles.  
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Simionescu et al. [42] investigated the effect of catalysts on the pyrolysis of various 
hydrocarbon polymers such as aliphatic saturated, olefinic and aromatic compounds. 
The following types of catalysts were used: pure metals, metal oxides, zeolites and 
amorphous or crystalline silicates. The order of efficiency was: aluminium bronze < 
MnO2 < Cr2O3 < CuO < microporous mordenite < macroporous mordenite < amorphous 
aluminasilica (13 % Al2O3) < amorphous aluminasilica (25 % Al2O3)< crystalline 
silicates (10 % molecular sieves) < ZSM-5 zeolites. 
In 1994 Bridgwater summarised the possibilities of catalytic biomass pyrolysis [43]. He 
claims that catalysis with zeolites is less understood and less developed than other 
upgrading possibilities for example hydrotreatment. The catalysts and the processes 
need to be developed and optimised, but this is an interesting method to upgrade the 
bio-oil to fuel or chemicals. 
Laurant and Delmon [44] investigated hydrodeoxygenation of the reactive carbonyl, 
carboxylic and guaiacyl groups. They used model oxygenated compounds, namely 4-
methylacetophenone, diethyldecanedioate and guaiacol to test them simultaneously in 
one reaction test in the presence of sulfided cobalt-molybdenum and nickel-
molybdenum supported on y-alumina catalysts in a batch system. They found that the 
ketonic group is easily and selectively hydrogenated into a methylene group at 
temperatures higher than 200 °C. Carboxylic groups are also hydrogenated to methyl 
groups, but a parallel decarboxylation occurs at comparable rates. A temperature around 
300 °C is required for the conversion of carboxylic groups as well as for the conversion 
of the guaiacyl groups. The main reaction scheme of guaiacol is its transformation in 
hydroxyphenol which is subsequently converted to phenol. But at batch reactor 
conditions, guaiacol gives a high proportion of heavy products. They also concluded 
that CoMo and NiMo catalysts had comparable activities and selectivities. However, the 
NiMo catalyst had a higher decarboxylating activity than CoMo and also leads to a 
higher proportion of heavy products during the conversion of guaiacol. 
Samolada and Vasalos [45] evaluated various catalysts for biomass flash pyrolysis. 
They evaluated selected commercial catalysts in a fixed bed reactor using solid biomass. 
They found that catalytic biomass pyrolysis supplies lower liquid yields containing 
higher water content. They also evaluated the Fluid Catalytic Cracking (FCC) in a 
circulating fluid bed reactor of a pilot plant unit. Catalytic and non-catalytic runs were 
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effectively performed in the unit. The stability of the obtained liquid product was 
effectively improved using catalysts, even though no major changes in the chemical 
composition were detected.  
Dobele et al. [17] used analytical pyrolysis combined with gas chromatography (Py-
GC) to study the composition of volatile products of different commercial celluloses 
impregnated with various amounts of phosphoric acid. The influence on the yields of 
levoglucosan and levoglucosenone was studied taking into account the supramolecular 
structure, degree of polymerisation, hydrophilic properties and pretreatment conditions 
of the celluloses. It was found that levoglucosenone predominates in the volatiles of 
acid catalysed pyrolysis. However, the relative total amount of both 1,6-
anhydrosaccharides varied only in a narrow range of 75–85 % regardless of the 
impregnation and pretreatment conditions of the celluloses. 
Salter et al. [46] carried out some experiments with catalytic pyrolysis to produce a 
better quality bio-oil. They used pelleted zeolite catalysts (ZSM-5 and Y zeolite) and 
found that addition of these catalysts significantly changed the chemical composition of 
the pyrolysis-oil. They observed reduced viscosity of the liquid product and low gas 
yield. The low gas yield indicates that the mechanism of catalytic pyrolysis is not by 
cracking or that the gas is being used or absorbed by the catalyst. They obtained similar 
yields both at catalysed and non-catalysed pyrolysis reactions. This may be a function 
of the low percentage (10 %) of catalyst used or may confirm that quenching rather than 
cracking occurred.  
 
3.4 Applications of bio-oils 
 
Bio-oil applications have several possibilities (Fig. 3–6.). Bio-oil can substitute for fuel 
oil or diesel in many stationary applications including boilers, furnaces, engines and 
turbines for electricity generation. There is also a range of chemicals (food flavourings, 
resins, agri-chemicals, fertilisers, etc.) that can be extracted or derived from the bio-
crude oil. [11, 13] 
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Figure 3-6. Possibilities for bio-oil applications [13]. 
 
3.4.1 Combustion 
Existing oil-fired burners cannot be fuelled directly with solid biomass without major 
reconstruction of the unit. Liquid products are easier to handle and transport in 
combustion applications and this is important in retrofitting existing equipment. Bio-oils 
are likely to require only minor modifications or even none in some cases. The 
problems that have been predicted in handling the fuel (high viscosity and suspended 
char) have not been found to as severe or serious as first thought, and many 
organisations are proceeding with successful developments. 
 
3.4.2 Power generation 
Bio-oil has been successfully fired in a diesel test engine, where it behaves very similar 
to diesel in terms of engine parameters and emissions. Over 300 h operation have been 
achieved. A diesel pilot fuel is needed, typically 5 % in larger engines, and no 
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significant problems are foreseen in power generation up to 15 MWe per engine. A 2.5 
MWe gas turbine has also been successfully tested although for not many hours 
operation to date  
[13]. However, the current method of utilising bio-oil in a diesel engine requires three 
fuels and a complex start-up and shut down procedure. Chiaramonti et al. [47-48] 
worked on the development of emulsions from biomass pyrolysis liquid and diesel to 
feed immediately diesel engines, and tested the combustion. They found that the 
emulsion was more stable than the pure bio-oil, and the viscosity dependent on the bio-
oil percentage. Fresh bio-oil should be used as the aged one is making the 
emulsification process more difficult. After the combustion tests they concluded that the 
injector as well as the fuel pump should be made of stainless steel, or similar corrosive 
resistant material.  
 
3.4.3 Chemicals 
A range of chemicals can also be produced from bio-oils. Chemicals that have been 
reported as recovered include polyphenols for resins with formaldehyde, calcium and/or 
magnesium acetate for biodegradable de-icers, fertilisers, levoglucosan, 
hydroxyacetaldehyde and food flavourings that are commercially produced from wood 
pyrolysis products in many countries. All chemicals have attractive possibilities due to 
their much higher added value compared to fuels and energy products. An integrated 
approach to chemicals and fuels production offers interesting possibilities for better 
total economy production in a plant.  
 
Synthesis, characterisation and applications of mesoporous materials 
 50
4 Synthesis, characterisation and applications of 
mesoporous materials 
 
Designing heterogeneous catalysts involve both the proper control of the surface 
chemistry and a rigorous control of the surface geometry at the micro-, meso- and 
macroscales. This is because high surface areas or high active phase dispersions as well 
as fast mass transfer of the reactants and products to and from the catalytic sites are 
required from any active catalyst. 
Porous solids are used technically as adsorbents, catalysts and catalytic supports owing 
to their high surface areas. According to the IUPAC definition, porous materials are 
divided into three classes according to their diameter: Microporous (< 2 nm), 
mesoporous (2-50 nm) and macroporous (> 50 nm) [49]. 
The following three kinds of relevant mesoporous materials were obtained by different 
synthetic procedures [50]. The first one is the so-called M41S family of silica and 
aluminosilicates introduced by the Mobil group which includes hexagonal MCM-41, 
cubic MCM-48 and lamellar MCM-50 phases. One of the unique features of the M41S 
molecular sieve family is the sorption of molecules within a uniform mesopore channel 
of dimensions from 15 to ~ 100 Å. The uniform pore size of the molecular sieve can be 
finely tuned by the selection of the appropriate chain length of the 
alkyltrimethylammonium cationic surfactant and auxiliary organics used in the 
synthesis. The preparation of M41S materials involves ionic surfactants, exemplified by 
cetyltrimethyl ammonium bromide (CTAB), as structure directing agents. It may be 
conducted in basic conditions in which case it follows an ionic assembly mechanism 
schematically represented as S+ I-.  
The second one was introduced by the group of Pinnavaia who produced mesoporous 
molecular sieves (MMSs) using two neutral routes based on hydrogen bonding and self 
assembly of non-ionic primary amines such as hexadecyl amine or polyethylene oxide 
(EO) surfactants and neutral oligomeric silica precursors schematically represented as 
S0I0 . The hexagonal mesoporous silica (HMS) produced by this technique is less 
ordered, showing a wormhole like pore structure, than MMS’s produced with ionic 
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surfactants. HMS has a monodispersed pore diameter, thicker pore walls and therefore 
higher degree of condensation and higher thermal stability. In addition, the mesopores 
of HMS being shorter allow a faster diffusion of reactants.  
Stucky and co-workers [51-52] introduced a new synthesis route involving amphiphilic 
di- and tri-block copolymers as organic structure directing agents. These materials, 
exemplified by hexagonal (p6 mm) SBA-15, have long range order, large 
monodispersed mesopores (up to 50 nm) and thicker silica walls (typically between 3 
and 9 nm) which make them more thermally and hydrothermally stable than previous 
materials.  
 
4.1 MCM-41 
 
With MCM (Mobil Composition of Matter) -41 the first mesoporous solid was 
synthetised that showed a regularly ordered pore arrangement and a very narrow pore-
size distribution. After the discovery of MCM-41 in 1992 [49], the research interest 
focused on the following main subjects: 
 
• characterisation 
• mechanism of formation 
• synthesis of new materials based on the MCM-41 synthesis concept 
• morphology control 
• technical applications 
 
The MCM-41 material is amorphous and has a honeycomb structure that is a result of 
hexagonal packing of unidimensional cylindrical pores. The XRD pattern of MCM-41 
shows typically three to five reflections between 2θ = 2˚ and 5˚ [49 and Fig. 4–1.].  
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Figure 4-1. X-ray diffraction pattern of a high-quality calcined MCM-41 [49]. 
 
The four main components in the M41S syntheses are structure-directing surfactants, a 
source of silica, a solvent and a catalyst (acid or base). In the cases of aluminosilicate 
materials, an aluminium source is added as well. In their pioneering work on the M41S 
materials the Mobil researchers used alkyl-trimethyl ammonium halides as the 
structure-directing surfactants and combinations of sodium silicate, tetraethoxy silicate 
(TEOS), fumed silica and Ludox as the silica source. Sodium hydroxide or tetraethyl 
ammonium hydroxide was used as basic additives to the aqueous synthesis solutions. 
The synthesis solutions were kept at temperatures ranging from 100 to 150 °C for 24-
144 h. Then the solid products were filtered washed and dried. Finally, the materials 
were calcined at 540 °C under a gas flow or alternately nitrogen and air, resulting in 
porous structures [53]. 
The original MCM-41 synthesis was carried out in water under alkaline conditions (Fig. 
4–2. Similar to zeolite syntheses, organic molecules – surfactants – function as 
templates forming an ordered organic – inorganic composite material. However, in 
contrast to zeolites the templates are not single organic molecules but liquid-crystalline 
self-assembled surfactant molecules. The formation of the inorganic-organic composites 
is based on electrostatic interactions between the positively charged surfactants and the 
Synthesis, characterisation and applications of mesoporous materials 
 53
negatively charged silica species. Via calcination the surfactant is removed, leaving the 
porous silicate network. 
 
 
Figure 4-2. Liquid-crystal templating (LCT) mechanism for the formation of MCM-41: (1) 
liquid-crystal-initiated and (2) silicate initiated pathways [49]. 
 
The pore size is primarily a function of the alkyl chain length of the templating 
surfactant, but it can be further manipulated by other synthesis parameters [54]. 
Because of the formation of catalytically active acid sites, the incorporation of 
aluminium into silica frameworks is of special interest. Schmidt et al. [55] synthetised 
and characterised MCM-41 materials with bulk Si/Al ratios of 18, 9 and 4 with different 
pore sizes. They concluded that it is possible to synthetise MCM-41 mesoporous 
materials with a high content of tetrahedrally co-ordinated aluminium ions. Adding 
aluminium to the synthesis gel increases the long range ordering of the materials 
obtained. The template interacts with silanol groups and Al-species in different ways. 
Removal of the template using liquid phase extraction instead of calcination had 
significant effect on the characteristics of the final material. Template associated with 
silanol groups can be washed out completely by liquid extraction, whereas the removal 
of the Al-associated template was incomplete. 
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4.1.1 Hydrothermal stability of mesoporous MCM-41 
Mokaya [56] tested Al-grafted MCM-41 with respect to their hydrothermal stability by 
heat treatment at 800 or 900 oC for 4 hours in a flow of nitrogen saturated with water 
vapour at room temperature. All tested samples were relatively stable at 800 oC, 
however, after treatment at 900 oC, the samples severely degraded. 
According to a report by Ryoo et al. [57], MCM-41 withstands hydrothermal treatment 
using heated water at 65 oC for 12 hours, however, treatment with boiling water for 12 
hours cause degeneration of the mesoporous structure. 
The addition of cations (TPA+, TEA+ and TMA+) to the synthesis gel of MCM-41 lead 
to an improvement of the hydrothermal stability. The resulting materials as stable 
against water in closed bottles at 100 oC for 4 days [58]. 
Ti- containing MCM-41 was treated in boiling water for 120 hours, however, the 
structure was destroyed after this treatment, which was also observed for SBA-15 [59]. 
MCM-41 samples were subjected to 20 % water vapour in a nitrogen stream at 800 oC 
for 5 hours, with the result of a collapse of the mesopores upon this treatment [60]. The 
nitrogen stream was bubbled through a water bath at a controlled temperature to achieve 
the desired partial pressure of water vapour. 
The hydrothermal stability of mesoporous materials was improved by coating the 
material with ZSM-5 zeolite [61]. The test was performed with boiling water at 100 oC 
and with 20 % water vapour in nitrogen at 800 oC. The mesoporous structure of the 
parent material collapsed after this treatment at 48 hours, whereas no significant 
collapse of the mesopore structure was observed for the ZSM-5 coated mesoporous 
material after 48 hours under the same treatment conditions. 
1.5 % Al containing MCM-41 materials were subjected to steam treatment for 5 hours 
at 600 and 800 oC, respectively [62]. Whereas the structure was partly in shape after 
treatment at 600 oC (however, certain decrease in cell size, surface area, pore volume 
and pore diameter was observed), treatment at 800 oC resulted in a complete collapse of 
the mesoporous structure. 
Recently, the synthesis of a mesoporous aluminosilicate (MAS-5), consisting of both 
mesopores and micropores has been reported [63]. The material is classified to be 
similar to Al-MCM-41, and has been described as stable after treatment with boiling 
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water for more than 300 hours. At 600 oC the sample tolerates steam for 6 hours, 
whereas at 800 oC in the presence of steam the sample does not degrade for 2 – 3 hours, 
however, the resultant samples present Si/Al ratios too high for many catalytic 
applications.  
Better results have been achieved by Zhao et al. [64], who prepared a disordered 
mesoporous aluminosilicate similar to MCM-41, using a polymer of aluminium and 
silicon as precursor and a cationic surfactant. The material withstands boiling water for 
12 hours without loosing the mesoporous structure, however, after 70 hours in boiling 
water, the samples start to degrade. 
 
4.2 SBA-15 
 
SBA-15 is a hexagonally ordered mesoporous material synthetised by the self-assembly 
between an inorganic silica source, tetraethyl orthosilicate, and an organic amphiphilic 
triblock copolymer. 
Use of amphipilic triblock copolymers to direct the organisation of polymerising silica 
species has resulted in the preparation of well-ordered hexagonal mesoporous silica 
structures (SBA-15) with uniform pore sizes up to approximately 300 Å. The SBA-15 
materials are synthetised in acidic media to produce highly ordered, two-dimensional 
hexagonal silica-block copolymer mesophases. Calcination at 500 °C gives porous 
structures with unusually large interlattice d spacings of 74.5 to 320 Å between the 
(100) planes, pore sizes from 46 to 300 Å, pore volume fractions up to 0.85, and silica 
wall thicknesses of 31 to 64 Å. SBA-15 can be readily prepared over a wide range of 
uniform pore sizes and pore wall thicknesses at low temperature (35 to 80 °C), using a 
variety of poly(alkylene oxide) triblock copolymers and by the addition of cosolvent 
organic molecules. The block copolymer species can be recovered for reuse by solvent 
extraction with ethanol or removed by heating at 140 °C for 3 hours, in both cases 
yielding a product that is thermally stable in boiling water [52]. 
Yue et al. [65] obtained aluminium incorporated SBA mesoporous materials by direct 
synthesis. The resulting materials retained the hexagonal order and physical properties 
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of purely siliceous SBA-15 and presented higher catalytic activities in the cumene 
cracking reaction than Al-MCM-41 materials.  
Sumiya et al. [66] synthetised mesoporous siliceous SBA-15 molecular sieve and 
carried out post-synthesis alumination with trimethylaluminium (TMA). They found 
that the aluminium could be easily incorporated into the siliceous framework of SBA-15 
without serious structure deformation. From detailed characterisation of the prepared 
aluminium-containing SBA-15 it was also found that it is difficult to keep the 
aluminium in the framework position after calcination. The hydrothermal stability of 
SBA-15 was considerably improved by the TMA processing.  
 
4.3 Applications of mesoporous materials 
 
The enormous interest in these materials, especially zeolites, is due to their wide 
catalytic applications within industrial areas, such as oil refining, petrochemistry and 
synthesis of chemicals. The materials are also important as adsorbents.  
Despite their large pore dimensions compared to that of microporous zeolites, 
mesoporous materials are restricted in their use as catalysts for large organic molecules 
by their relatively poor thermal stability and broad distribution of acid sites. A 
combination of the large pore dimensions of mesoporous materials with the strong acid 
sites present in zeolite-like structures would be highly advantageous leading to a novel 
and probably useful catalytic material. Hydrocarbon reactions involving large organic 
molecules that cannot enter the small pores of a zeolite catalyst may be catalyzed by the 
new material having a mesoporous framework structure with accessible strong acid sites 
on the surface of these large pores.  
When MCM-41 was first discovered there were great expectations for applications in 
the petroleum industry, for instance in processing of heavy residues.  
One of the first areas considered for application of M41S materials was catalytic 
cracking of large molecules. Corma et al. [67] have compared Al-MCM-41, amorphous 
silica-alumina and USY zeolite (Zeolite Y) in the catalytic cracking of n-heptane. In the 
cracking of n-heptane, the activity of the USY zeolite was approximately 140 times that 
of Al-MCM-41. This was ascribed to more and stronger Brønsted acid sites in the 
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zeolite. The Al-MCM-41 activity was higher than for the amorphous silica-alumina and 
approached that for the USY zeolite in the processing of large oil molecules. The 
selectivity of Al-MCM-41 in the gas oil cracking resulted in more liquid fuels and less 
gases and coke compared to the amorphous silica-alumina. Compared with the USY 
zeolite, the diesel formation was higher and gives less gasoline and more coke.  
Vartuli et al. [68] compared the benzene sorption capacity of the MCM-41 and MCM-
48 catalysts. They found that the hydrocarbon sorption increases with pore diameter for 
the calcined versions. The sorption of hydrocarbons by as-synthetised M41S materials 
is a unique feature not observed with microporous molecular sieves.  
Mesoporous aluminosilicas can serve as solid acid catalysts by introducing negative 
charges into the silica framework by substituting trivalent aluminium for tetravalent 
silicon. Aluminated SBA-15 material can catalyse reactions with large bulky aromatic 
molecules. One example is the Friedel-Crafts benzylation of toluene [69]. 
Other applications as redox catalysis, support material, films and membranes are 
reviewed by Trong On et al. [50] and Øye et al. [53]. 
 
4.4 The use of metal-modified zeolite catalysts 
 
Bezouhanova [70] replaced the classical acid catalysts with zeolites in acylation of 
benzene ring. The activity of zeolite CeY was compared with that cation exchanged 
montmorillonite. The yield of acylation products varied upon the nature of interlayer 
cation. Al-montmorillonite was more active compared with other pillared clays 
containing H, Ni, Zr, Ce, Cu or La cations. From the experiment with the toluene 
introduction the coordination complex of acetyl chloride with Zn seemed to be more 
reactive, but actually Zn-MCM-41 was less active than H-MCM-41. Zeolite encaged 
transition metallophthalocyanines, for instance CoPcX activated the air oxidation of 
ethylbenzene to acetophenone. In the presence of Ti-zeolite TS-1 or V-containing 
VAPO-5 hydrogen peroxide or alkylperoxides were used as oxidants. Benzylic 
oxidation was performed also by alkylhydroperoxide in the presence of chromium 
pillared clays. Under these conditions the branched hydrocarbons were not oxidised at 
the tertiary carbon atom.  
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Bonelli et al. [71] were testing as-synthesized Na-bearing MCM-41 sample with 
Si/Al=20, together with several Cs or K exchanged samples in the isomerisation of 1-
butene. They used Al-MCM-41 in protonic form as a reference. The totally siliceous 
sample was not active. Al-MCM-41 was the most active catalyst, with conversions 
close to thermodynamic equilibrium between cis/trans 2-butene. All examples with the 
likely exception of Al-MCM-41 showed some deactivation during the time of reaction.  
Catani et al. [72] tested Al-MCM-41 type catalysts containing small amounts of metal 
(Ni, Rh or Pt) in the synthesis of clean diesel fuels by oligomerisation of light alkenes 
and alkanes. High Si/Al ratios had a negative effect on both activity and catalyst 
stability. Si/Al ratio at 20 was observed to be optimal. The presence of small amount of 
metal inside the mesoporous structure did not significantly modify the catalytic activity, 
although specific effects were detected for each element.  
Fujishima et al. [73] studied the catalytic performances of bis- and tris(bipyridine) Ru 
complexes grafted on mesoporous FSM-16 in the photooxidation of benzene to phenol 
using H2O2 as an oxidant. [Ru(bpy)3]Cl2/FSM-16 showed a high activity under UV-
irradiation, and the turnover number (TON) of phenol was 430 based on Ru in 24 h, and 
the selectivity to phenol among the products was 98 %. 
Lewandowska et al. [74] worked with siliceous, aluminosilicate and niobosilicate 
mesoporous MCM-41 in hydrogenation of benzene. They found that at a low 
temperature the catalytic activity in the hydrogenation of benzene increases with Ni 
dispersion, whereas at higher temperatures (150–200 °C) it is possibly determined by H2 
chemisorption strength and the reducibility of Ni-species. 
Noreña-Franco et al. [75] studied the oxidation reaction of phenol in aqueous and 
acetonitrile media under mild conditions, employing Cu-modified MCM-41 
mesoporous catalysts. They found that the highest activity was obtained with copper 
acetate–MCM-41 catalysts. 
Yuan et al. [76] synthetised manganese modified MCM-41 catalysts under mild alkaline 
conditions under the absence of alkaline metal ions, and characterised them. They found 
that after calcination the nanostructure of the silicate possessed a high thermal stability. 
The total pore volume of the MnMCM-41 sample was 1.30 cm3/g with a corresponding 
surface area of 1510 m2/g.  
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Sheldon et al. [77] wrote a review article about applications of zeolite catalysts in 
several chemical reactions. These reactions include acid, base and redox catalysis.  
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5 Suggestions for further work 
 
Catalysts. The MCM-41 type catalysts did not perform well during this work with 
spruce biomass. On the other hand, they do not have a satisfactory hydrothermal 
stability. Therefore, it is not recommended to use them if the biomass is wood. In case 
of grassy biomass, it is recommended to develop an MCM-41 catalyst with improved 
hydrothermal stability first.  
As we could see, metal incorporation into Al-MCM-41 structure improved the catalyst 
properties, and it is possible that we get a better catalyst with modification of Al-SBA-
15 with metals as well. It is recommended to perform a literature study of the suitable 
metals for biomass pyrolysis with this type of catalyst.  
Catalyst degradation study. In order to get a better picture of the catalysts' properties 
and how the activities change during long-term operation, it is recommended to test 
them after several regeneration cycles, together with measuring the activity loss and the 
changes in crystalline structure after the experiments and the regeneration processes.  
Waste pyrolysis. One of our greatest environmental problems is the amount of waste, 
which is very complex and difficult to handle. Some experiments could be done on 
waste, to see if catalysts make the products from waste pyrolysis more suitable for 
energy purposes. Wastes from pulp and paper industry can have a great potential, if 
cheap drying is possible [78-80]. 
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